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a  b  s  t r  a  c  t
ZrB2-SiC  coating  was  prepared  on  C/SiC  composites  surface  by  slurry  method,  and  then  the  thermal
fatigue  behavior  of ZrB2-SiC  coated  C/SiC  composites  was  studied.  The  composition  of  the  coating  layers
was  characterized  by  XRD,  SEM and  EDS. With  the  thickness  was  200  m,  the  coating  was  ZrB2 and
SiC.  During  thermal  cycle  between  1773  K in air and  373  K  in  boiling  water,  the weight  of  the  ZrB2-SiC
coated  composites  decreased  lightly.  The decrease  of the ﬂexural  strength  during  the  thermal  cycle  waseywords:
eramic-matrix composites (CMCs)
orrosion
racture
echanical properties
igh-temperature properties
primarily  due  to  the  debonding  of the ﬁber–matrix  interfaces  and  the  oxidation  of the  coated  samples.
Compared  with the  uncoated  C/SiC  composites,  the coating  played  an important  role in enhancing  the
resistance  to the  thermal  shock.
©  2016  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. This  is  an  open  access  article  under  the CC  BY-NC-ND  license  (http://creativecommons.org/
licenses/by-nc-nd/4.0/).. Introduction
Anti-oxidation coating is a key technique for C/SiC compos-
tes [1–3]. At higher temperatures (>1473 K), the oxidation of the
ber and matrix cooperatively inﬂuences the oxidation behavior of
/SiC composites in oxygen atmosphere [4,5]. Consequently, C/SiC
omposites need oxidation protection when exposed to oxidizing
nvironment at higher temperatures.
Considering its extremely high melting temperatures, high
ardness, and great strength retaining characteristics at high tem-
eratures [6], Zirconium diboride (ZrB2) was the most interesting
aterial for thermal shielding applications. However, boron oxide
artial pressure was not negligible [7], it began to evaporate at
igher temperature.
Different strategies to improve the oxidation resistance had
een tested. ZrB2-SiC ceramic had been proved as an effective
oating for protecting carbon materials from oxidation at high tem-
erature [8,9].∗ Corresponding author. Tel.: +86 731 84576269; fax: +86 731 84576578.
E-mail address: shmily 0427@163.com (X. Yang).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2016.02.001
187-0764 © 2016 The Ceramic Society of Japan and the Korean Ceramic Society. Producti
icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).The anti-oxidation ability of coating was commonly tested at
an invariable temperature [4,5,8,9]. The ultimate application envi-
ronment of C/SiC composites usually related to a thermal cycle
between low and high temperature.
The static oxidation test could not entirely reﬂect the protective
ability of the coating, so study on the thermal fatigue behavior of
ZrB2-SiC coated C/SiC composites was  very important, which had
not been reported up to now.
In this paper, the oxidation behavior of ZrB2-SiC coated C/SiC
composites under thermal shock was studied, and the effect of high
temperature oxidation on thermal shock property and protection
mechanism was discussed.
2. Experimental procedures
2.1. Preparation of C/SiC composites
Polycarbosilane (PCS) [10] (molecular weight: 1742, soften
point: 448 K) was synthesized in our laboratory. Xylene was used
as solvent for PCS. Three-dimensional braided carbon ﬁbers (T-300,
ex-PAN carbon ﬁber, Toray) were used as the reinforcement. C/SiC
composites denoted as raw samples were prepared using 9–12
cycles of inﬁltration of PCS-Xylene solution (mass ratio 1:1) and
subsequently pyrolyzed at 1473 K under N2 (purity: 99.99%) atmo-
sphere [3].
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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Fig. 1. SEM of ZrB2-SiC coated C/SiC compos
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1Fig. 2. EDS of ZrB2-SiC coated C/SiC composites.
.2. Preparation of ZrB2-SiC coating
ZrB2-SiC coating was fabricated in order to increase the
xidation resistance. ZrB2 powder (2.5 mm,  Dandong Chemical
ngineering Institute Co. Ltd., China) with PCS-Xylene solution
weight ratio: 1:1) was pasted on the composites. The best ﬁller
as composed of 60 wt.% ZrB2, 4 wt.% SiC, 6 wt.% PCS, 4 wt.% B
nd 26 wt.% DVB, and subsequently pyrolyzed at 1473 K under N2
purity: 99.99%) atmosphere.
.3. Procedures for thermal shock testsThe substrate and coated samples were heated at 1773 K in air,
nd then cooled through boiling water. The thermal shock tests
ere conducted by alternating the specimens quickly between
773 K in static air and 373 K in water. Each specimen was  held
Fig. 3. XRD of ZrB2-SiC coatites: (a) surface and (b) cross-section.
in the tube furnace, which was  preheated to 1773 K for 10 min  and
then cooled to 373 K in water for 10 min. After the temperature of
the specimen dropped to 373 K in water for 10 min, it was immedi-
ately sent back to the furnace, which was  held at 1773 K. The time
to move the specimen from the furnace to the boiling water was
approximately 5 s. Such a heating-cooling cycle indicated that the
specimens were thermally shocked for one time. In order to reveal
the thermal shock resistance of the composites, at least three spec-
imens were investigated at prescribed number of 50 cycles. Details
for thermal shocks tests were reported in Ref. [11].
2.4. Samples characterization
The samples were weighed after tests by an electronic bal-
ance with a sensitivity of ±0.001 g. Three-point bending tests were
used to evaluate the ﬂexural strength of C/SiC composites with the
span/height ratio of 15 and a crosshead speed of 0.5 mm/min  before
and after oxidation.
The 3b was  calculated by the following:
3b =
3PL
2BH2
(1)
where P was the load in test, L was  outer support span, B was spec-
imen width, and H was  specimen thickness. The samples were cut
and polished to 70 mm in length, 5 mm in width and 4 mm in thick-
ness. The length and width directions were parallel to warp and
weft directions, respectively.
The micro-structures of the samples and fracture surfaces of
the specimens after three-point bending tests were examined by
ed C/SiC composites.
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qFig. 4. Weight loss curves of C/SiC composites after the thermal shock tests.
canning electron microscopy (SEM, S4800) with energy dispersive
pectroscopy (EDS, S4800).
The phase and composition of samples were identiﬁed by X-ray
iffraction (XRD, D8 Advance, Cu K radiation, 10–80◦, 2 range,
.01◦ wide scanning steps, 1 s/step acquisition time).
. Results and discussion
.1. Characteristics of ZrB2-SiC coating
Fig. 1 shows the micrographs of ZrB2-SiC coated samples. The as-
btained coating has a surface with some micro-cracks. From the
EM cross-sectional image (Fig. 1(b)), the thickness of the coating
s about 200 m.
EDS (Fig. 2) results show that there are B, C, Si and Zr, which
ndicated that the coating is ZrB2-SiC.
The XRD patterns of ZrB2-SiC coating are shown in Fig. 3. Nine
bvious XRD peaks at about the 2 values of 25.19, 32.53, 41.73,
1.84, 58.08, 62.35, 64.31, 68.28, and 73.92 are detected, corre-
ponding to the (001), (100), (101), (002), (110), (102), (111), (200)
nd (201) planes of cubic phase ZrB2 [12] and three obvious XRD
eaks at about the 2 values of 35.78, 60.48, and 71.88 are detected,
orresponding to the (111), (220) and (311) planes of cubic phase
iC [13].
Therefore, ZrB2-SiC coating have been formed on the composites
y slurry.
.2. The thermal shock property of ZrB2-SiC coated C/SiC
ompositesFig. 4 shows the weight change percentages of the coated com-
osites during the tests. The weight of the uncoated samples losses
uickly after 50 time cycles, the weight loss reaches to 57.5%,
Fig. 5. SEM micrographs of the ZrB2-SiC coated C/SiC composites afFig. 6. Load–displacement curves of C/SiC composites before and after thermal
shock tests.
while the weight loss of the coated samples is only 3.76%. The
mass loss of the composites is caused by the oxidization of carbon
ﬁbers.
The results show that ZrB2-SiC coating is able to improve the
anti-oxidation properties of the composites effectively.
Fig. 5 shows the surface and cross-section micrographs of the
coated samples after the tests. There are some holes in the surface
(Fig. 5(a)) and the thickness of the coating after thermal cycle is
about 200 m (Fig. 5(b)).
For ZrB2 oxidized at elevated temperatures, ZrO2 and B2O3 are
formed [14]. Appreciable volatilization of B2O3 starts at above
1200 ◦C leaving ZrO2 on the coating system [15]. The oxidation
channels could be sealed by the oxides (ZrO2 and SiO2). The SiC
matrix together with ﬁber is less oxidized (Fig. 5(b)). Based on
the self-sealing and anti-diffusion capability, the coating has good
oxygen resistance.
Fig. 6 shows the load–displacement curves of ZrB2-SiC coated
C/SiC and uncoated C/SiC composites before and after tests. Com-
pared to uncoated C/SiC composites, ZrB2-SiC coated C/SiC samples
show higher strength, which means that the coating is able to
improve the thermal shock property of the composites effectively.
3.3. The protection mechanism of ZrB2-SiC coating
The decreasing ﬂexural properties after thermal shock can be
explained in the following two aspects:The part oxidation of C/SiC composites resulted in the
decreasing of mechanical properties, the other one is that the inter-
face of carbon ﬁbers and SiC matrix is partially destroyed during the
thermal shock due to their different thermal expansion coefﬁcients.
ter the thermal shock tests: (a) surface and (b) cross-section.
162 X. Yang et al. / Journal of Asian Ceramic Societies 4 (2016) 159–163
mal sh
t
t
w
a
a
r
c
ﬁ
p
t
t
i
i
a
t
i
t
d
d
w
2
2
C
S
C
i
t
c
p
w
f
t
c
c
t
cFig. 7. Fractured micrographs of C/SiC composites after ther
The degradation of the mechanical properties is closely related
o the evolution of the damage in the composites [16,17].
In thermal shock test, the surface of the composites is cooled
o the lower temperature rapidly (5 s in the present investigation),
hereas the interior of the composites remains at higher temper-
ture.
The temperature gradient created tensile stress at the surface
nd compressive stress in the interior. The stress gradient could
esult in cracking and peeling off of the surface.
Moreover, SiC matrix had a greater thermal expansion coefﬁ-
ient (CTE) (4.6 × 10−6/K) than the longitudinal CTE of the carbon
ber (0.5 × 10−6/K) [18]. The sudden change of temperature could
roduce tensile stress in the matrix. With increasing the number of
hermal shock cycles, the tensile stress is accumulated and reaches
he critical value sufﬁcient to create matrix cracks in the compos-
tes.
Meanwhile, the number and dimension of the matrix cracks
ncreased as the number of thermal cycles was increased [19]. In
ddition, the radial CTE of the ﬁber (7.0 × 10−6/K) was greater than
hat of the matrix [18]. Tensile stress is produced on the ﬁber/matrix
nterface during the successive quenching operations from 1773 K
o 373 K. The repeated tensile stresses in the interfaces of ﬁber (bun-
les)/matrix could weaken the interface bonding, which leads to
elamination and debonding.
During the thermal cycles, the coated C/C composites reacted
ith oxygen and vapor as follows [4,20]:
ZrB2(s) + 5O2(g) = 2ZrO2(s) + 2B2O3(g) (2)
SiC(s) + 3O2(g) = 2SiO2(s) + 2CO(g) (3)
(s) + O2(g) = CO2(g) (4)
iC(s) + 3H2O(g) = SiO2(s) + CO(g) + 3H2(g) (5)
(s) + H2O(g) = CO(g) + H2(g) (6)
According to reactions (3) and (5), the oxidation of SiC results
n forming a thin SiO2 layer on the surface of the coating. However,
he gas (CO, H2, etc.) may  cause a destruction over surface of the
oating.
The cracks or holes are apt to appear in the composites, which
rovide diffusion channel for oxygen in air and vapor in boiling
ater to attack carbon ﬁbers. Obviously they are the main reason
or the weight loss of the coated samples.
Fig. 7 shows the fracture surface of the samples after ﬂexural
ests. From Fig. 7(a), the pull-out of carbon ﬁbers from SiC matrix
an be obviously found, which is accordant with its brittle fracture
haracteristic.
From Fig. 7(b), no C ﬁber in the composites, at the same time,
he matrix of the composites become very loose and many micro-
racks emerge. After thermal cycles, oxidation reactions take place
[
[
[ock tests (a) with ZrB2-SiC coating and (b) without coating.
in the composites simultaneously and quickly. C/SiC composites
have been severely damaged after tests, which means that C/SiC
becomes the cause of invalidation.
Therefore, it is inferred that the ZrB2-SiC coating can improve
the mechanical properties of C/SiC composites under thermal shock
tests.
4. Conclusions
ZrB2-SiC coating was  successfully fabricated on the surface
of C/SiC composites by slurry method, and then effect of high
temperature oxidation on thermal shock property and protection
mechanism was investigated in the present study. The following
conclusions had been reached:
(1) ZrB2-SiC coating can be deposited on the surface of C/SiC com-
posites by slurry method.
(2) The degradation in the mechanical properties was closely
related to the damage produced by the thermal shock tests.
Oxidation between the coated samples and oxygen or vapor and
the ﬁber–matrix interface dandiﬁcation were the main reason
for the decrease of the ﬂexural strength.
(3) Compared to uncoated C/SiC composites, coated C/SiC samples
showed higher strength, which meant that ZrB2-SiC coating
was  able to improve the thermal shock property of the samples
effectively.
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